Since May 2013, more than 35,000 home storage systems have been installed in Germany. Due to superior performance and significant price degression, lithium ion batteries (LiBs) are the dominating technology in this market. However, in 2015, a new technology became available for this application. Several manufacturers are now offering flow batteries in the required scale. This technology has low variable costs (€/kWh) and uses a wider SoC range. On the other hand, efficiency is lower than for the LiB and fixed costs (€/kW) are rather high. In this work, we examine how those properties influence the cost effectiveness for the use case of home storage. Therefore, we compare the performance of LiBs and vanadium redox flow batteries (VRFBs) using a household simulation framework. A unique approach of combining a sophisticated multi-physical flow battery model to obtain efficiency and operational limits with an advanced method of evaluating the economic contribution of a PV home storage system is applied. The benefit of increased self-consumption by a battery system is determined over a period of 20 years using a temporal resolution of 15 minutes. Simulated households are characterized by their individual annual energy demand (1,000 to 10,000 kWh/a) and annual energy generation by rooftop PV plants (500 to 15,000 kWh/a). The study shows, that under the given assumptions, home storage for individual households is not an economically viable use case for any of the evaluated battery technologies. It has been found, that the batteries are not in operation and completely discharged for the better part of the year. This demonstrates the large potential for additional use cases, especially during winter time. In addition, it is shown that LiBs outperform VRFBs for every studied household. The efficiency gap between the two technologies is too large to become compensated by the larger useable SoC range. However, in terms of cost, especially for larger capacities, the VRFB can be competitive compared to the LiB. Therefore, further efforts should be undertaken to improve VRFB performance.
Introduction
Due to increasing electricity tariffs, decreasing feed-in tariffs for PV plants and decreasing storage costs, supporting the self-consumption of rooftop PV plants has become the fastest growing market for stationary energy storage systems (ESS). In Germany, 20,000 units have been installed in 2015 [1] . Customers can choose between lead-acid, lithium or vanadium-redox-flow technology. For the latter, small scale home storage is a completely new application. Currently, the lithium battery (LiB) dominates the home storage market, but also lead-acid systems hold large shares in the expanding market [2] . However, the vanadium redox flow batteries (VRFBs) have some advantages that could make them a serious competitor.
First of all, their power and energy rating is decoupled. With the same power unit (stack), and a different tank size, the requirements for a variety of households could be met very well. Especially for larger capacities, the low energy related costs (€/kWh) could benefit its market penetration. In addition, the VRFB makes use of a larger part of its gross capacity and is expected to perform more than 10,000 cycles without significant aging (lead acid: 2,000 cycles; LiB:
5,000 cycles) [1] . Finally, the technology is very resistant against deep discharge. A significantly lower efficiency and comparatively high power related costs (€/kW) are disadvantages of the VRFB.
This study is supposed to give an insight into how lower energy related costs, use of a larger state-of-charge (SoC) range, lower efficiency and higher power related costs influence the economical viability of VRFB compared to a standard LiB.
Methodology

Simulation run
To determine optimal capacity values for different households, simulations are performed over a period of 20 years in temporal resolution of 15 minutes. Households' energy demand varies between 1 MWh/a and 10 MWh/a in intervalls of 0.5 MWh/a. Respective electrical load profiles are modeled statistically based on the approach presented in [3] . The profiles are normalized to 1,000 kWh/a and scaled with the given annual energy demand, while preserving load profile characteristics from different household sizes. The size of the PV plant varies between 0.5 kWpeak and 15 kWpeak in intervals of 0.5 kWpeak. For modeling the PV infeed, solar data provided by the Landesamt für Umwelt, Wasserwirtschaft und Gewerbeaufsicht Rheinland Pfalz is utilized [4] . The PV module efficiency is assumed to degrade by 1 %/a for the simulation period of 20 years. Further a variable PV inverter efficiency is considered, with a maximum of 96 %.
For each of the 570 simulated households, the gross storage capacity is raised in steps of 0.5 kWh, until the net present value (NPV) increases by less than 50 €/kWh. The NPV results from an electricity tariff of 0.28 €/kWh for standard loads, which is assumed to increase by +2 %/a over the whole simulation run. The feed-in tariff for the PV plant is 0.12 €/kWh neglecting reductions for installed capacities larger than 10 kWpeak. Further a discount rate of 2 %/a is assumed.
For the simulation run, a simple load management approach is implemented, that bases on maximizing the selfconsumption of the generated PV energy: Surplus energy is preferential consumed directly or stored in the battery. If the battery is fully charged, energy will be fed into grid. Household's energy demand is preferably covered by the storage and in case of an energy deficit taken from the grid. Because other charging strategies are affected by forecast errors, this one is the benchmark for maximizing the grade of autarchy.
Battery efficiency is a core topic of this study and is considered using two battery models, one for the LiB and one for the VRFB. Both storage systems are assumed to be AC-coupled. Self-discharge in standby is neglected. VRFBs still have large potential in boosting the efficiency. Thus a more efficient variant is considered as well, to study the influence of increased efficiency on economic viability.
Lithium battery model
Efficiency
For the LiB, only the internal losses caused by the SoC-dependent series resistance are considered. For this study, measurement data of the Kokam consumer cell SLPB353452 (pouch cell with rated capacity 560 mAh), provided by the Institute for Applied Materials -Materials for Electrical and Electronic Engineering (IAM-WET) of the Karlsruhe Institute of Technology (KIT), is used. In addition, inverter efficiency is considered based on the approach described in [5] with efficiency data from available battery inverters. The overall system efficiency for the 5 kW-class is shown in Fig. 1 (a) .
Operational limits
According to the data sheet of the lithium battery cell, maximum charging and discharging current is 0.56 A and 1.12 A, respectively. Maximum charging voltage is 4.2 V and cut-off voltage is 2.7 V. The cell rated capacity is 2.07 Wh. Every considered system consists of a multiple of that capacity. If the above mentioned parameters are violated, the battery cell limits the operation. For large capacities however, the inverter limits the operation as battery limits are very high. In this case, inverters with 2 kW and 5 kW rated power are deployed. Below 5 % rated power, the system is not active. Finally, the battery operates within the range of 20 % to 90 % of its gross capacity. 
Vanadium redox flow battery model
Efficiency
For the VRFB, efficiency is much harder to determine as no single loss mechanism is dominant. Here, a multiphysical model of a VRFB consisting of one flow battery stack, two tanks, two pumps, hydraulic circuit and battery inverter is used to determine the power and SoC-dependent VRFB efficiency [6] . The battery uses a newly proposed flow rate control [7] .
Within the flow cells, the model accounts for the following loss mechanisms: Diffusion of vanadium-ions through the membrane, shunt currents, ohmic losses caused by the series resistance of the flow cell, energy required for pumping and inverter losses. Pumping energy is computed using a generic model of the hydraulic circuit including losses in pipes and congestions such as bends and T-junctions. Inverter losses are considered using a model of a specialized inverter-topology developed by Trumpf Hüttinger GmbH & Co KG as well as Fraunhofer Institute for Solar Energy Systems both located in Freiburg, Germany. In the model, conducting and switching losses of the power electronic switches, resistances of passive elements and losses due to cooling and control of the inverter are considered. For the 5 kW-class, the simulated efficiency is shown in Fig. 1 (a) .
The modeled VRFB test system comprises 40 flow cells in one stack. Each cell has an active cell area of 2000 cm² and a constant series resistance of 2 cm². A total vanadium concentration of 1.6 mol/l is used and the deployed membrane is Nafion 115. The system has a rated power of 7 kW, but it is assumed that the 2 kW and the 5 kW-systems have the same efficiencies over their respective power ranges.
By cutting the series resistance and the diffusion parameters in half, a more efficient VRFB is modeled as well. The first measure improves efficiency especially under full load conditions. The second measure is more effective under partial load conditions. The assumed changes seem reasonable to be achieved in the future by the use of new cell architectures or better membranes. The increased efficiency is as well depicted in Fig. 1 (a) .
Operational limits
During charging, the flow battery is limited by the upper limit (1.7 V) of the cell voltage and the maximum current density of 75 mA/cm². If the cell voltage becomes too high, significant hydrogen evolution is going to occur.
Discharging power of the battery is limited only by the maximum current density (75 mA/cm²). Higher current density significantly lowers battery efficiency and increases requirements for the battery inverter. Discharging operational limits for a 5 kW-VRFB are given in Fig. 1 (b) , again for the reference system and the system with increased efficiency. The absolute value of the discharging power becomes smaller with decreasing SoC. This is due to the decreasing open-circuit-voltage of the battery and the limited maximum current.
From the voltage and current limits during charging of the battery, maximum power could be significantly higher. Therefore, maximum charging power is limited by the battery inverter. For the 2 kW-system, the values are scaled accordingly. The simulation results are comparable to measurements published in [8] .
The VRFB with increased efficiency profits from less limitations, as its lower cell resistance decreases the ohmic voltage drop and therefore increases the SoC range, in which discharging with rated power is possible.
For the reference model as well as the model with increased efficiency the operation range of the VRFB is limited to a SoC between 5 % and 95 %, which results in a 20 percentage points increased net capacity compared to the LiB. Again, below 5 % rated power, the system is not active.
Results and discussion
To state on prospects of VRFBs in the home storage market, simulation results of LiBs and VRFBs are analyzed for the power classes of 2 kW and 5 kW regarding achievable savings and compared to systems' market prices. Further it is shown whether a wider range of usable capacity compensates for the lower efficiency of the VRFB compared to the LiB.
For the household which receives highest savings for all applied battery capacities, specific results are shown. It consumes 10 MWh electrical energy per year, has a 15 kWpeak-rooftop PV plant and is exemplarily equipped with a battery of 10 kWh gross capacity.
General results
Economics
The key aspect of this study is to compare savings, offered by the storage system to the household, to the investment costs of the respective technologies. Figs. 2 (a) and 2 (b) show the results for the 2 kW-class and 5 kW-class respectively. The colored clouds mark the area in which the savings over the battery lifetime of 20 years lie for the LiB and the VRFB. First of all, it is obvious that the savings under deployment of a VRFB are significantly lower. It is safe to say that the advantage of a wider useable SoC range is more than compensated by the lower efficiency. Furthermore, the circles mark the costs of currently available LiB systems after taxes. The cost information has been taken from the market overview, provided by [9] . It can be clearly seen, that even the cheapest available system in the range of 1.5-2.5 kW is more than twice as expensive than required for an economically viable use case. In the range of 4-6 kW, the situation is similar.
For the VRFB, only two systems are listed with costs. As it is not possible to calculate power and energy related costs out of these two values, VRFB costs have been estimated. For the 2 kW-class, power related costs of 3,000 €/kW and energy related costs of 400 €/kWh are assumed. For the 5 kW-system power related costs are assumed to decrease to 2,000 €/kW. According to information provided by [1], power related costs are much lower. However the market overview [9] indicates prices that are doubled compared to our estimation. With these estimation, power related costs are approximately four times larger than required (2 kW; factor eight for 5 kW). Finally, it can be seen that the slope of the costs (400 €/kWh) and the slope of the cloud, which marks the area of savings, is the same. Reducing power related costs and increasing system efficiency should therefore be the most important issue of VRFB manufacturers. Another important thing to mention is that the VRFB's energy rating is extremely flexible. This would allow for a good adaption of the system according to specific customer requirements. 
Operation hours
The advantage of the larger utilization of the gross capacity by the VRFB is, that it can supply the households with energy in cases where a LiB would already be shut down due to its tighter SoC limit. For the exemplary household discharging operation hours are 21.4 % (LiB, 2 kW), 22.9 % (VRFB, 2 kW), 18.1 % (LiB, 5 kW) and 18.5 % (VRFB, 5 kW) referred to the total time of 20 years, compare to Fig. 4 (b) . So for the 2 kW-class, the VRFB is able to extend the period of self-supply by 130 hours per year compared to the LiB. In the 5 kW-class, the discharging hours of a VRFB are increased by 33 hours per year. However the disproportional larger energy consumption during charging of the VRFB prevents an economical advantage obtained by the extended energy delivery.
For all systems it can be seen that they are not operating in the better part of the year, which offers a large potential for additional marketing options to increase profits. This is further reinforced by the fact that batteries used only for maximizing the self-consumption of generated PV energy stay empty for more than 50 % of the year. Approximately 15-20 % of the time they are fully charged, see Fig. 3 (b) . A more equal SoC distribution indicates better battery utilization and should therefore result in increased profits. 
Influence of battery system parameters
Lower efficiency vs. higher net capacity
As stated in Chapter 3.1.1, higher efficiency of the LiB predominates its smaller useable SoC range. To get a better understanding of this, the following example gives an insight into the mechanisms. In the 2 kW-class, the average efficiency of the LiB and the VRFB is 86.0 % and 66.3 %, respectively. In the 5 kW-class, the values are 85.4 % and 60.3 %. Those values can be compared to [1] and [10] . Obviously, the VRFB suffers from a comparatively low partial load efficiency, see Fig. 1 (a) . As shown exemplarily in Fig. 3 (a) , especially the 5 kW-system runs at very low power during discharging most of the time. Fig. 4 (a) shows SoC and power of the exemplary household for an exemplary day at the beginning of March 2015. Here, the results for a gross capacity of 10 kWh are depicted. Each battery of the four variants (LiB with 2 and 5 kW and VRFB with 2 and 5 kW) gets fully charged during daytime and fully discharged in the evening and in the night.
Both VRFBs are able to supply the household 30 min (5 kW) and 45 min (2 kW) respectively longer than the LiBs. This is due to their higher net capacity. However when it comes to savings, they deliver 12.6 % (2 kW) and 21.6 % (5 kW) less savings than the LiBs for that day (Tab. 1). The cause of that can be found in the lower efficiency. Both VRFBs take up around 3 kWh more energy but deliver only 0.5 to 0.8 kWh more to the household. In this case, the charged energy has to be considered to cost 0.12 €/kWh because it alternatively could be fed to the grid, which would result in PV infeed subsidy. Here, the energy delivered by the storage is worth 0.28 €/kWh as it replaces energy taken from the grid for that cost. As the spread between charged and discharged energy is much larger than the spread between charging and discharging energy cost, the worse efficiency over-compensates the better utilization of the gross-capacity. Assuming equal charging and discharging efficiency, at least 76.5 % average round-trip efficiency is required for the VRFB to deliver the same savings as a LiB for that day. 
Vanadium redox flow battery with increased efficiency
For all simulated households, the average efficiency with the improved VRFB is 74.4 % and 68.9 % for the 2 kWand the 5 kW-class respectively, which is a gain of 8.1 -8.6 percentage points versus the reference VRFB.
As expected, the increased efficiency is very beneficial for the economical viability. Maximum saving can be increased by 1,083 € and 1,218 € for the 2 kW-and the 5 kW-class respectively. The assumed efficiency boost closes approximately half of the gap between VRFB and LiB, as shown in Figs. 5 (a) and 5 (b) . However the LiB is still the better choice for all cases economically.
For the particular day considered in Section 3.2.1, the 2 kW-class of the more efficient VRFB even outperforms the LiB. This proves that the wider useable SoC range of the VRFB has the potential to improve economics, as long as it comes with reasonable efficiency. 
Influencing factors
Because simulated models simplify the real conditions, several uncertainties, influencing achievable savings, exist. First of all battery aging is the key factor that determines the lifetime. With the process of degradation, battery efficiency as well as usable capacity decrease. Assuming a linear capacity reduction for the LiB of -20 % within 20 years, savings would deviate by maximum 5.1 % from results shown in Section 3.1. Promising approaches for LiB degradation modeling on cell level exist and will find consideration in future work [11] . In contrast the VRFB claims high longevity, which has yet to be proven.
However VRFBs suffer from another phenomenon that should be considered in future studies. There is a reversible capacity fade in VRFBs because of ion diffusion and mass-transfer through the membranes of the flow cells. Thus initial capacity is not available all the time. The faded capacity can be restored by mixing both positive and negative electrolyte, followed by a re-formation of the two liquids. This of course causes some outage time as well as a certain energy demand.
As the mechanism behind the capacity fade depend on battery power and SoC, the challenge is to implement it in a computation efficient manner, without simulating the complex model.
Another aspect that accounts for an overestimation of savings for both batteries is the temporal resolution of 15 min. Simulations of this scale hardly can be performed with higher resolution. However, at higher temporal resolution power peaks, that exceed the rated power of the battery, appear more often and therewith influence savings negatively [12] . Furthermore dead times of the battery control system lead to unintended energy exchange with the grid and also reduce savings of the ESS [13] .
One measure that influence the savings positively, is to connect the ESS directly into the DC-circuit of the PV plant. Inverter losses occurring at the storage of surplus PV energy can be reduced drastically [10] .
In Figs. 2 (a) and 2 (b) subsidies for ESS acquisition such as from KfW have not been considered. Even in best case when costs are reduced by 30 % (expired subsidy program KfW275, neglecting interest on credits) no system is profitable in this study. This leads to the last issue of tariff-prediction over a period of 20 a. Over the past ten years the average increase of the German electricity tariff was +5 %/a compared to +2 %/a, that are assumed in this study. As the income resulting from the difference between feed-in tariff and electricity tariff make up for the investment, the prospects might be more optimistic than under these conservative assumptions.
Conclusion
Under presented conditions, LiBs deliver higher savings than VRFBs for every considered household. Obviously, efficiency has much larger influence than usable capacity range. With higher efficiency, VRFBs are more likely to compete against LiB. As demonstrated in this study, an increased efficiency strongly benefits the economic viability. Emphasis should be laid on partial load efficiency especially for discharging of the battery.
Considering depicted price trends, the VRFB strongly benefits from its flexible scalability. Comparing the slope of the cost curve with the range of savings, it can be concluded that energy related costs do not need to decrease. But without significant reduction in power related costs (factor four for 2 kW; factor eight for 5 kW), the home storage market will not be penetrated significantly. But also for LiBs prices are too high, which makes further efforts necessary to reduce power and energy related costs.
In general, home storage systems are still not a economically viable use case considering today's system prices. However with the increasing spread between feed-in and electricity tariff, the use case improves its economics. Furthermore, decreasing system costs are going to improve it further. Due to the low utilization rate, in addition to self-supply other use cases should be realized, because the batteries are not used at all in the better part of the year.
